Cavitation in lubrication liquids has long been known to be detrimental to components in hydraulic systems. Damage has been detected in journal bearings, especially under severe dynamic loading, gears, squeeze film dampers and valves.
Introduction
This study is oriented to the investigation of cavitation erosion phenomena occurring in oil lubricated systems. It includes both theoretical and experimental approaches, whose main goals are: (a) Establishing a method for the calculation of cavitation erosion potential in operating hydraulic systems. In such works, similar to common practice in consideration of two-phase flows, a modified continuum (Reynolds) equation is derived by including a void fraction of gas (vapour and/or air) into the mass balance. Subsequently, pressure generation is only allowed in those regions where the contact can be fully flooded with the amount of oil locally present. If this can not be the case without violating mass conservation, the pressure is fixed at ambient pressure and the void fraction of gas in the oil-vapour-air mixture is solved for. This, for example, applies in the exit region of the contact, but it can also apply in regions having an indentation or a surface roughness value with a large ratio of depth to width. Such a feature can cause the pressure to drop below the vapour pressure and induce local cavitation.
In the narrowing gap on the downstream side of the feature pressure generation will start again, however, this can only be allowed after verifying that the amount of oil present at such a point is sufficient to fill the gap.
Summarizing, only two possible regimes are distinguished within the film: pressure exceeding ambient in fully flooded zones and ambient pressure in cavitation zones. In these latter cavitated regions with non-vaporous cavitation, flow is assumed to be unidirectional.
The most clear example is the exit region of a lubrication contact where the flow is in the form of so-called fingers or streamers.
This approach may indeed have proven very useful for film formation analysis. However, it is not suitable if the purpose of study is to gain insight in the potential danger of cavitation damage. Firstly, the result of applying the above listed algorithm will at most be a "geometricalresult", i.e. it will reveal where cavitated regions will occur, and where pressure generation starts. However, no result is obtained as to the potential of such a region for causing damage, let alone that it could be linked to lubrication properties. Secondly, by distinguishing only two sorts of regions, as mentioned above, one region is neglected which is very important when aiming for cavitation damage control.
In this region the pressure drops below the vapour pressure and vapour bubbles will be formed. These vapour bubbles, upon later compression, will implode and may cause damage to the surface. Cavitation damage control calls for linking knowledge of bubble initiation, to the local conditions in the film, under given circumstances.
In the present investigation a first step is set in this direction. In particular, the relation between the magnitude of subambient pressures and operating conditions in a lubricated concentrated contact is investigated. For simplicity the study is restricted to the so-called smooth ElastoHydrodynamically Lubricated (EHL) line contact.
Cavitation investigators have tried to find the properties of the liquids which are dominant in the erosion process and enable rating of the liquids according to their damage potential. Among the properties which were suggested are the density p [ 31, the acoustic impedance pc [ 41 and the viscosity 77 [51.
Relatively few experiments were focused on the properties of lubricating oils. A typical example of such studies was performed by Vercon et al. [ 61. In Vercon's work 6 motor oils were tested by means of a magnetostrictive apparatus, vibrating at 20 kHz with an amplitude of 50 p,m. The specimen, made of bearing material, was stationary while the vibrating tip was made of crank shaft steel. One of the main conclusions of this work was that with higher oil viscosity (at 80" C) the erosion intensity increased nearly linearly. This conclusion was supported by experiments carried out at various temperatures in the range of 20-120 "C. An identical conclusion was reached by Barwell and Scott [ 71, who tested 26 lubricants, belonging to 10 types, on a 4-ball tester. This conclusion was found valid only for lubricants of the same type, but not for all types tested. Barwell concluded that viscosity of the oil did not seem to be a dominant factor in the time taken to pitting failure. This was because some low viscosity fluids gave as long a life as others with much higher viscosities.
As a consequence of these tests it seems necessary to increase the quantity of tested lubricants and types of lubricants. Furthermore, a search for dominant liquid properties in cavitation erosion is recommended.
In the present investigation 20 lubricants, belonging to four types, were tested. The test apparatus was a piezoelectric vibrator, oscillating an aluminium specimen tip at a frequency or 20 kHz and an amplitude of 73 km. Gravimetric results were recorded, thus enabling the classification of the lubricants according to their cavitance.
Theoretical approach

Equations
The contact is modelled using the following three equations. The first is the Reynolds equation for steady state conditions:
with the boundary conditions p(x,) =p(xb) =pO, where p0 denotes the ambient pressure. In the present work the assumptions are thatp, = 0 and that the contact is abundantly supplied with lubricant on all sides. The density will be assumed to depend on the pressure according to the Dowson and Higginson equation [8] and the Roelands pressure-viscosity relation [9] will be used. This requires some further clarification. Using the Dowson and Higginson equation for the density at pressures below ambient pressure implies that we assume the associated density then reflects the presence of vapour bubbles in the oil. Naturally such an assumption can only hold as long as these bubbles are relatively widespread and all together fill only a small fraction of the local volume in the film in the order of 1%.
Under these assumptions the mixture of oil and vapour bubbles still effectively behaves as a single continuum. For the viscosity of the mixture it is assumed that it equals the viscosity of the oil at ambient pressure.
The second equation used is the so-called film thickness equation: where h, is a constant determined by the global condition of force balance:
Results
After introducing dimensionless variables, based upon the Hertzian dry contact parameters, Eqs.
( 1 )-( 3) were discretized on a uniform grid and the resulting discrete system of equations was solved using multigrid techniques. For details with respect to the discreteequations and numerical algorithm the reader is referred to Refs.
[ lo] and [ 111.
For the present investigation a specific load condition was derived from an actual bearing application. The parameters describing this contact are listed in Appendix B. It is a moderately loaded contact with a maximum Hertzian pressure of 1 .O GPa. This Appendix also gives the values of the minimum and central film thickness as obtained from the computations as well as values of the various sets of dimensionless parameters generally used in EHL analysis to characterize load situations. Fig. 1 shows the pressure and film thickness profiles as computed. The solution has all the characteristics of moderately loaded EHL solutions, see [ 111. The film thickness is nearly uniform in the centre and shows a nip in the exit region. The pressure profile is almost semi-elliptic, with the so-called Petrusevich spike preceding the exit region. In this exit region, owing to the imposition of the cavitation conditionp 2 0, normally zero (ambient) pressures are found, see [ 10,111. However, now obviously negative (sub-ambient) pressure values must occur as this cavitation condition was discarded. This can be seen upon enlargement of the pressure profile, i.e. see Fig. 2 . This latter figure also shows the dimensionless lubricant density in this region p=p/p,. Note that the density deviation associated with the sub-ambient pressures is less than 2%, which justifies the assumption made by using the Dowson and Higginson throughout.
As a next step the surface speed and the reduced radius of curvature of the contact R' were varied. Variation of R' was done in order to obtain various values of the maximum Hertzian pressure of 0.5, 1.0, 2.0 and 3.0 GPa. As a first guess, three parameters can be suggested to represent vapour bubble formation potential. These are the minimum pressure, the pressure gradient, and the integral over all sub-ambient pressures. The minimum pressure by itself is not likely to be enough. Also a dynamic aspect and a cumulative effect are important.
The dynamic aspect would be represented by the pressure gradient and the cumulative aspect by the integral over all sub-ambient pressures. Generally the pressure drop in the exit region takes place with a large negative pressure gradient. Approximating its absolute maximum value accurately for high loads would require very small local mesh sizes in the numerical solution process. Therefore, in the present pilot study we restricted ourselves to the minimum pressure and the integral over all sub-ambient pressures.
The results of the parametric study are presented in Fig. 3 . This figure shows that the minimum pressure itself is relatively insensitive to the velocity and load. In fact, with increasing velocity it appears to approach an asymptotic value, a subject which requires further investigation.
The value of the integral over all sub-ambient pressures varies more for the different loading cases. This can be explained as follows. With increasing velocity the magnitude of the pressure drop in the outlet region remains roughly the same. However, the drop itself, and the following build up to ambient pressure are much more gradual, i.e. with smaller gradients, which lead to a larger value of the integral over the sub-ambient pressures. This above may indicate that the integral over the subambient pressures provides a better criterion to discriminate between situations for the local vapour bubble formation and cavitation damage potential. However, this can at best be partly true. For example based upon Fig. 3 The experiments were carried out with an ultrasonic oscillator (Fig. 4) operating at a frequency of 20 kHz with a maximal power output of 400 W. The test specimen was mounted at the tip of an exponential oscillator (horn) and immersed to a depth of 20 mm from the surface of the tested liquid. During the experiment the test specimen oscillated in a sinusoidal motion, at a constant amplitude of 73 pm. During the upward motion of the specimen, low pressure is formed in the liquid, causing it to cavitate. Upon the downward motion of the specimen, high pressure is formed in the liquid, causing the cavitation bubbles to implode. Implosion of the bubbles very near and in contact with the surface, cause repeated high thermal and mechanical loading, which result in erosion.
Specimen
The test specimens (Fig. 5) were prepared from aluminium 51 ST, which is the equivalent of the U.S. alloy 6082 and DIN alloy AlMgSi 1.0. Its outer diameter is 12.7 mm, identical to that of the horn tip. The mechanical properties of the tip material and its nominal composition are presented in Appendix C. When using flat shaped specimens in several oil cavitation tests, it was observed that part of the bubbles flowed in parallel to the specimen flat surface, thus causing the following phenomena: (a) agitation of the oil surface; (b) inhomogeneous erosion of the specimen, mainly along radial lines. Changing to a cup shaped specimen deflected the flow to the longitudinal direction, thereby avoiding liquid agitation and increasing erosion pattern homogeneity.
Liquids
The cavitation erosion tests were conducted in a variety of lubricating liquids, including: straight mineral oils, mineralbased oils, biodegradable oils and synthetic liquids. These liquids have an absolute (kinematic) viscosity in the range of 9-460 mm2 s-l) at 40 "C. A few properties of the tested liquids are listed in Appendix D. 
Temperature
The temperature of the liquids during the tests was maintained at a nominal value of 40 "C. This was achieved by means of a thermostatic bath, controlling the temperature of the water jacket and a magnetic stirring device for the tested liquid. This temperature was chosen for two main reasons: (a) cavitation erosion in lubricants increases as a function of temperature within this range [ 61. Hence, testing at 40 "C, instead of 25 "C as required in ASTM G32-92 [ 121, will increase the erosion rate and shorten the test duration; (b) the maximum allowed working temperature for the transducer assembly is 50 "C.
Amplitude and power input
Tip amplitude is kept constant by the power supply, regardless of the acoustic load. This means that for a given amplitude setting it will remain constant while operating in a variety of liquids. Monitoring the power input during the tests revealed the following variations: (a) at the initial phase of the test (about 15 min), variation was largest, reaching a maximum value of + 12.5% (b) during the rest of the time variation decreased appreciably, reaching the maximum value of + 3%. These observations indicate that the larger power input variation, which appears at the initial stage, may be due to gas release from the liquid simultaneously with vapour cavitation. After stabilization of the gas content in the liquid, power input remains highly stable. The second conclusion from this observation is that under cavitation conditions with this equipment it is possible to get both amplitude and power input simultaneously at a constant level. Thus it is possible to settle the dispute between those who advocate testing with constant amplitude and those who support testing with constant power input [ 131.
3.1.6. Duty cycle Cavitating a liquid in this equipment can be achieved by two modes: continuous or pulsed. In the pulsed mode the tip vibrates only part of each operation cycle, according to the duty cycle setting. For these tests the pulsed mode was chosen, with a duty cycle of 50%. This means that during each second of equipment operation the tip vibrates only for 0.5 s. Operation in this mode enables introducing a power level close to the maximum value with less heating of the fluid. The obvious disadvantage of this procedure is the doubling of the overall test duration. An interesting point in favour of intermittent cavitation exposure is that it better simulates actual operation conditions of machine elements such as: gears, rolling contact bearings and dynamically loaded journal bearings.
Examining a surface element in these items, while operating under cavitation conditions, reveals that it is exposed to cavitation at a certain frequency. This frequency coincides with the pressure fluctuations caused by periodic contact (in gears and rolling contact bearings) and by transverse motion of the journal within the bearing.
Gravimetry
Cavitation erosion was measured by the tip's mass loss, after every 30 min of net exposure to cavitation. The specimens were dismantled from the horn, cleaned in a solvent and weighed on an electronic balance, having a resolution of 10m5 g (lo-'mg).
Test duration
The net test duration was 2 h. This duration was chosen because it is longer than the incubation time for the specimen material and enables distinct classification of the liquids. Longer test periods would increase the damage, but have little practical significance as the equipment having that level of mass loss would be severely damaged or even inoperable by then.
Test results
Scope
Gravimetric results for the tested oils are shown in Figs. 6-9 for the net exposure time to cavitation conditions of 2 h. These results are grouped according to oil type, and designated as shown in Appendix D. The results for each oil were tested by linear regression and found to have a high degree of linearity. bility of the test method was evaluated for two oils, this method. It is worth mentioning that the expected repeatability in erosion tests in water, according to ASTM standard G32-85, is in the order of 20%.
Viscosity
Some cavitation investigators claim that the viscosity of a lubricant is a dominant property in its erosion capability. A typical example of such studies is that performed by Vercon and Rat [ 61. The results of this investigation do not support Vercon's claim. From Figs. 7-9 , which describe the cavitation erosion in various lubricants belonging to three types, it is evident that there is no direct correlation between the viscosity and the cavitation erosion in these liquids. This conclusion can be drawn from Fig. 11 , too, in which the cavitation erosion in five lubricants, having the same kinematic viscosity at 40 "C, can be compared.
Cavitation is caused by the application of negative pressures in a liquid. This pressure, causing tension in the liquid, may be induced by flow, acoustically or mechanically [ 141. Hence, it seems that the dominant liquid property in the cavitation process is its tensile strength. It therefore seems important to study this property more carefully.
Classijkation criteria
Several parameters were considered for the evaluation of cavitance of lubricating oils: (a) cavitation threshold; (b) cavitation power input; (c) maximum cavitation erosion; (d) slope of cavitation erosion line.
(a) Cavitation threshold
The correlation of this parameter with cavitation erosion is low. This may be due to the possibility that cavitation inception will occur when a nucleus of critical size is present in the liquid and may not be an indication to the quantity of these nuclei. Whereas cavitation erosion, which is a cumulative process, seems to be affected by both size and quantity of the critical nuclei. Accordingly, cavitation threshold was discarded as a criterion for cavitance.
(b) Cavitation power input
During the exposure of a specimen to cavitation, on the test equipment used, it is possible to measure the power input into the cavitating fluid. Comparing these values for the var- ious liquids revealed no systematic trend nor correlation to the gravimetric results. Hence, the cavitation power input was discarded as a cavitance parameter.
valuable engineering tool, but the technical data require extension and further verification.
(c) Maximum cavitation erosion
This parameter-C&-is defined as the cumulative mass loss at the termination of the test, after 2 h. The highest CE, in the tested oils is 4.322 mg for fluid BD-32 and the lowest corresponding value for Vitrea-9 is 0.173 mg. The ratio between these extreme values is nearly 25, which covers a large range, practical for engineering application. It is obvious that a low value of CE2 corresponds to a high degree of cavitance and vice versa.
Conclusions (1)
This parameter is easy to measure and enables liquid classification, hence it was chosen as a classifying criterion. Values of mean depth penetration in micrometres can be obtained by multiplication of the mass loss values in milligrams by 2.076.
Glycerin, which is a defined chemical ( C3Hs03), having a viscosity comparable with those of lubrication oils, was chosen as a reference material for these tests. The CEZ value for glycerin reached 93.66 mg, which is over 20 times greater than the highest value measured fro the tested lubricants.
Using a simple EHD line contact problem as a model, a first attempt was made to obtain a theoretical tool for use in cavitation damage control in lubricated contacts. For this purpose the sub-ambient pressure and the integral over the region of sub-ambient pressures generated in the exit zone were monitored as a function of the operating conditions. It was shown that when looking for a measure of local vapour bubble formation potential, the latter integral will provide sufficient discrimination between different load conditions. However it was also shown that such an integral by itself is not sufficient and that pressure gradients should be studied too.
(d) Slope of cavitation erosion line
This parameter--a-is defined as the slope of the line y = ax + b, which describes the cavitation erosion as a function of the exposure time. The highest slope in the tested oils is 2.316 mg h-i for fluid BD-32 and the lowest corresponding value for Vitrea-9 is 0.0568 mg h-'. The ratio between these extreme values is nearly 40, which defines a larger range than that for CE,. However, due to the fact that b is not constant, there is no full correlation between values of a and CE,, hence, this parameter was discarded as a cavitance criterion.
(2)
Lubricating liquids can be classified according to their cavitance. A reasonable classification criterion for this purpose is the cumulative cavitation erosion of an aluminium specimen after 2 h exposure to controlled cavitation conditions, induced by vibration equipment. The resulting classification chart of 20 oils, belonging to four groups, may be used as a preliminary guide for lubricant selection in cavitating systems. No direct correlation has been found in this investigation between the viscosity of the lubricant and the cavitation erosion obtained with it. As cavitation is caused mainly by the application of tensile stress in liquids,it is postulated that the tensile strength of lubricants is a dominant property controlling their cavitance. Further research is required in the following directions:
Classification chart
The classification chart, Table 1 , includes all the lubricants tested, each listed in its group and according to its CE2 value. This chart portrays a clear picture of the relative standing of all the tested lubricants and enables its use as an engineering tool in the following ways: (4 After selecting a proper group of lubricants for a certain application, an adequate oil within that group may be selected according to its cavitance.
These complimentary investigations will contribute to the preparation of a comprehensive scientific concept and a reliable engineering tool.
(b) Lubricant change
After detection of cavitation erosion in a hydraulic system, a proper lubricant can be chosen with a higher cavitance.
It should be emphasized, however, that the data in this chart are based on commercial oils tested with an aluminium tip by means of a vibratory generator under certain conditions. This chart therefore manifests the possibility of preparing a investigate sub-ambient pressures caused by squeeze effect and by large local surface features; correlate pressure-based criteria, such as minimum pressure, pressure gradient and pressure integral, to the actual cavitation erosion; extend cavitation erosion tests with additional lubricants and tip materials; explore the effects of lubricant contamination on cavitation erosion. 
